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©  A  semiconductor  device  is  described  comprising 
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semiconductor  region  (3)  on  which  at  least  one  other 
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adjacent  portion  of  the  tin  containing  region.  The 
compositionally  varying  layer  (3)  comprises  in  se- 
quence  a  compositionally  graded  region  (7)  and  a 
superlattice  region  (9). 
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IETHOD  OF  FABRICATING  NON-SILICON  MATERIALS  UN  &iliuun  o u o s i r u M c  

background  of  the  Invention 

Silicon  is  the  semiconductor  most  commonly 
ised  for  integrated  circuits  and  silicon  integrated 
;ircuit  technology  is  presently  extremely  well  de- 
'eloped.  The  dominant  position  of  silicon  in  the 
ntegrated  circuit  markets  is  partially  due  to  the  fact 
hat  it  is  both  abundant  and  relatively  inexpensive 
is  compared  to  other  semiconductors  such  as 
Broup  lll-V  compound  semiconductors.  For  exam- 
jle,  silicon  wafers  or  substrates  are  presently  ap- 
jroximately  in  order  of  magnitude  cheaper  than  are 
3aAs  wafers.  The  integrated  circuit  or  other  device 
s  often  fabricated  using  an  epitaxial  layer  of  silicon 
vhich  is  grown  on  the  silicon  substrate  although 
he  circuit  may  be  fabricated  directly  on  the  wafer. 

However,  for  a  variety  of  reasons,  it  is  often 
iesirable  to  have  epitaxial  semiconductors  other 
han  silicon  on  silicon  substrates.  In  pursuing  this 
jirection,  the  objective  is  to  enhance  the  range  of 
jseful  devices  which  can  be  fabricated  using  sili- 
;on  substrates.  For  example,  some  semiconduc- 
:ors,  such  as  Group  lll-V  compound  semiconduc- 
:ors,  may  lead  to  devices  in  which  the  carrier 
-nobility  is  higher  than  it  is  in  silicon  devices  or 
ihey  may  make  it  possible  to  integrate  optical 
fuctions  with  electronic  functions  on  the  same  sub- 
strate.  In  the  latter  case,  it  is  contemplated  that 
Group  IV,  lll-V,  ll-VI  or  other  compound,  as  well  as 
ion-silicon  elemental,  semiconductors  will  be  used 
to  fabricate  optical  devices  while  the  electronic 
Functions  will  be  performed  either  by  devices  fab- 
ricated  in  silicon  or  in  the  epitaxial  layers  of  the 
non-silicon  semiconductor.  This  approach  to  device 
fabrication  thus  combines  the  low  cost,  easy  han- 
dling,  ready  availability,  etc.,  of  silicon  substrates 
as  well  as  the  mature  Sivery  /arge  scale/ntegration 
technology  with  the  desirable  attributes  offered  by 
other  semiconductors. 

However,  growth  of  high  quality  non-silicon 
semiconductors  on  silicon  substrates  is  difficult  be- 
cause  the  desired  non-silicon  semiconductors  typi- 
cally  have  lattice  constants  that  differ  significantly 
from  that  of  silicon,  and  high  quality  expitaxial 
growth  is  thus  difficult  to  obtain  because  of  the 
lattice  constant  mismatch.  When  utilization  of  the 
heterointerface  is  not  required,  various  intermediate 
layers  may  be  grown  provided  that  the  layers 
where  the  devices  will  be  located  are  of  the  desired 
device  quality.  Although  there  are  many  pitfalls  in 
the  path  of  this  development,  some,  e.g.,  such  as 
the  possible  chemical  incompatibility  of  the  two 
materials  or  their  different  lattice  symmetry,  are  not 
directly  related  to  the  lattice  mismatch.  The  latter, 

wnicn  is  tne  concern  or  mis  application,  mdnueaia 
itself  adversely  by  generating  misfit  dislocations, 
which  thread  the  epitaxial  layers,  thus  degrading 
their  quality. 

i  One  approach  to  increasing  the  number  of 
semiconductors  which  may  be  grown  with  a  high 
degree  of  crystalline  perfection  on  a  particular  type 
of  substrate  is  to  use  a  strained  layer  superlattice 
between  the  substrate  and  the  desired  semicon- 

o  ductor.  A  strained  layer  superlattice  consists  of  a 
plurality  of  interleaved  layers  having  different  com- 
positions  and  lattice  constants  with  the  strain  pro- 
duced  by  the  lattice  constant  mismatch  between 
the  two  semiconductors  being  accommodated  by 

5  distortion  of  the  lattice  rather  than  by  generation  of 
misfit  dislocations.  For  example,  a  plurality  of  GaAs 
layers  may  be  interleaved  with  a  plurality  of  Al- 
GaAs  layers. 

Strained  layer  superlattices  may  also  be  used 
!0  in  a  different  context  which  has  been  used  suc- 

cessfully  with,  for  example,  GeSi  superlattices 
grown  on,  for  example,  Si  substrates.  A  com- 
positionally  graded  layer  may  be  grown  between 
the  substrate  and  the  superlattice.  The  lattice  con- 

?5  stant  of  the  compositionally  graded  layer  varies 
from  that  of  the  substrate  to  that  of  the  desired 
compound  semiconductor.  The  misfit  dislocations 
that  arise  because  of  the  lattice  mismatch  between 
the  compositionally  graded  layer  and  the  substrate 

io  often  have  their  propagation  terminated  in  the 
superlattice.  Although  the  reason  for  this  behavior 
is  not  presently  known  with  absolute  certainty,  it  is 
likely  to  be  associated  with  the  additional  strain 
introduced  by  the  superlattice  which  makes  the 

35  threading  propagation  of  a  dislocation  unfavorable. 
Thus,  the  misfit  dislocations  generated  by  the  com- 
positionally  graded  layer  are  trapped  in  the  super- 
lattice,  and  homogeneous  alloy  layers  grown  above 
the  superlattice  may  now  be  used  as  a  substrate 

40  for  the  epitaxial  growth  of  additional  semiconductor 
layers  which  are  lattice  matched  to  those  alloy 
layers  rather  than  the  substrate. 

Although  many  combinations  of  semiconduc- 
tors  have  been  proposed  for  the  strained  layer 

45  superlattices,  one  combination  of  semiconductors 
that  has  not  received  any  attention  from  those 
skilled  in  the  art  is  the  combination  of  tin  and 
another  Group  IV  semiconductor.  The  use  of  tin 
appears  especially  attractive  because  it  has  a  lat- 

50  tice  constant  of  .6489  nm  as  opposed  to  .5431  or 
.5646  nm  for  silicon  or  germanium,  respectively. 
Such  a  large  lattice  constant  difference  opens  the 
possibility  of  epitaxially  growing  many  types  of 
compound  semiconductors  on  a  SiSn  or  GeSn 
alloy  layer  grown  on  a  silicon  or  germanium  sub- 

2 



3 0  279  989 4 

strate  after  a  superlattice  has  been  used  to  trap  the 
misfit  dislocations.  However,  those  skilled  in  the  art 
have  studiously  avoided  the  use  of  such  tin  con- 
taining  superlattices.  It  ws  believed  that  solid  alloys 
of  tin  with  Ge  or  Si  could  not  be  grown  success- 
fully  becaue  solid  solutions  of  tin  with  the  other 
Group  IV  elements  exhibit  segregation  when  cooled 
from  the  melt. 

Summary  of  the  Invention 

A  region  comprising  tin  and  at  least  one  other 
Group  IV  semiconductor  permits  the  epitaxial 
growth  of  semiconductors,  and  thus  the  fabrication 
of  devices  in  these  semiconductor  materials,  within 
a  wide  range  of  lattice  constants  over  either  Si  or 
Ge  substrates.  The  device  comprises:  in  sequence, 
a  substrate  comprising  at  least  one  semiconductor 
selected  from  the  group  consisting  of  Si  and  Ge;  a 
region  comprising  tin  and  at  least  one  other  Group 
IV  semiconductor;  and  a  region  comprising  at  least 
one  non-silicon  semiconductor  in  which  desired 
devices  are  fabricated.  The  latter  region  is  approxi- 
mately  lattice  matched  to  the  top  of  the  tin  contain- 
ing  region.  The  tin  comprising  region  comprises  a 
compositionally  graded  region  in  which  the  per- 
centage  of  tin  increases,  i.e.,  a  region  of  SnxSii.„ 
with  x  increasing  from  0.0  to  a  value  of  x0,  such 
that  the  lattice  constant  of  the  SnXo  Sh-x  alloy 
matches  that  of  the  desired  epitaxial  semiconduc- 
tor,  and  a  superlattice  comprising  interleaved  lay- 
ers  of  Snx  Group  IVi.x  and  Sny  Group  IVi.y  com- 
pound  semiconductors  with  the  values  of  x  and  y 
selected  so  that  the  average  lattice  constant  of  the 
superlattice  is  close  to  the  lattice  constant  of  the 
non-silicon  semiconductor.  The  superlattice  region 
traps  the  misfit  dislocations  generated  in  the 
growth  of  the  compositionally  graded  region.  Other 
substrate  compositions  may  be  used. 

The  tin  comprising  region  is  preferably  grown 
by  molecular  beam  epitaxy  which  is  a  low  tempera- 
ture  growth  process.  Because  of  this,  it  is  a  non- 
equilibrium  process  in  which  segregation  of  tin 
from  the  other  Group  IV  element  does  not  occur 
resulting  in  a  metastable  heterostructure.  The  re- 
sulting  alloy  is  metastable. 

Brief  Description  of  the  Drawing 

Fig.  1  is  a  schematic  view  of  a  semiconduc- 
tor  device  according  to  this  invention; 

Fig.  2  plots  the  mole  fraction  tin  vertically 
versus  the  distance  from  the  substrate  horizontally 
for  a  typical  varying  composition  region  according 
to  this  invention; 

Fig.  3  plots  the  lattice  constant  in  units  of 
angstroms  vertically  versus  the  percentage  of  tin 
horizontally  for  SnxSh.x  alloys;  and 

Fig.  4  plots  the  energy  vertically  in  units  of 
5  eV  versus  the  composition  horizontally  for  SnxGeUx 

alloys. 

Detailed  Description 
10 

An  exemplary  embodiment  of  a  device  accord- 
ing  to  this  invention  is  depicted  in  Fig.  1.  The 
device  comprises  substrate  1;  tin  containing  region 
3  and  non-silicon  semiconductor  region  5.  The  tin 

75  containing  region  comprises  a  region  7  having  a 
graded  composition,  a  superlattice  region  9,  and  a 
buffer  region  1  1  .  The  superlattice  comprises  a  plu- 
rality  of  layers  as  shown  by  the  dotted  lines.  For 
reasons  of  clarity,  only  several  layers  are  shown 

20  although  it  is  to  be  understood  that  many  more  will 
usually  be  present  in  the  actual  structure.  The 
substrate  comprises,  in  a  preferred  embodiment,  at 
least  one  semiconductor  selected  from  the  group 
consisting  of  Si  and  Ge.  Si  substrates  are  presently 

25  preferred  because  of  their  high  qualtiy  and  easy 
availability.  The  tin  (Sn)  containing  region  com- 
prises  Sn  and  at  least  one  other  Group  IV  semicon- 
ductor.  Non-silicon  semiconductor  region  5  is  ap- 
proximately  lattice  matched  to  the  buffer  region  1  1 

30  on  the  superlattice.  The  choice  of  semiconductor 
for  region  5  will  be  discussed  later.  Of  course, 
region  5  may  comprise  more  than  one  semicon- 
ductor.  For  example,  a  plurality  of  epixtaxial  layers 
lattice  matched  to  each  other  but  having  different 

35  compositions  may  be  grown. 
The  structure  of  the  tin  comprising  region  will 

be  better  understood  by  reference  to  Fig.  2  which 
plots  the  mole  fraction  of  tin  in  the  SnxSi,.x  alloy 
vertically  versus  the  distance  horizontally,  in  ar- 

40  bitrary  units,  from  the  substrate  for  the  tin  compris- 
ing  region  for  Sn0,5Si0.s.  This  embodiment  is  se- 
lected  solely  for  purposes  of  illustration.  As  will  be 
readily  appreciated  by  those  skilled  in  the  art,  other 
alloy  compositions  may  be  used  depending  upon 

45  the  desired  lattice  constant.  The  region  depicted  is 
grown  on  a  Si  substrate.  A  Si  buffer  layer  is 
present  from  Z0  to  Z„  and  a  compositionally  grad- 
ed  layer  is  present  from  Z,  to  Z2.  The  composition 
at  Z2  has  the  lattice  constant  desired  for  the  non- 

50  silicon  semiconductor  region  5.  The  superlattice 
region  extends  from  Z3  to  Z,.  A  SnSi  buffer  layer  is 
grown  before  the  superlattice.  Of  course,  the  layers 
in  the  superlattice  must  be  sufficiently  thin  so  that 
misfit  dislocations  do  not  become  energetically  fa- 

55  vorabie,  i.e.,  the  lattice  mismatch  is  accommodated 
by  strain  rather  than  by  the  generation  of  misfit 
dislocations.  During  growth  of  the  graded  composi- 
tion  region,  that  is,  the  region  extending  from  Z,  to 

3 
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22,  misfit  dislocations  are  generated.  However,  dur- 
ng  the  growth  of  the  superlattice,  that  is,  the  struc- 
:ure  extending  from  Z3  to  Z»,  the  misfit  dislocations 
are  trapped  with  the  strained  layer  region.  Con- 
sequently,  the  region  from  Z*  upwards  is  free  of 
dislocations.  In  the  example  depicted,  the  metasta- 
3le  alloy  has  a  lattice  constant  of  approximately 
596  nm.  For  other  lattice  constants,  the  mole  frac- 
:ion  of  tin  in  the  superlattice  will  be  selected  to  give 
She  desired  lattice  constant. 

In  a  preferred  embodiment,  the  superlattice 
'egion  comprises  interleaved  layers  of  Sr>i.xSix  in 
which  x  is  larger  in  the  first  plurality  of  interleaved 
layers  than  it  is  in  the  second  plurality  of  inter- 
leaved  layers.  The  choice  of  the  two  values  of  x 
within  the  superlattice  region  is  dictated  by  the 
requirement  that  the  superlattice  region  trap  the 
misfit  dislocations  generated  during  the  growth  of 
the  graded  composition  region.  More  generally,  the 
superlattice  region  comprises  Snx  Group  IV  x.x 
where  Group  IV  is  at  least  one  Group  IV  elemental 
semiconductor. 

The  ultimate  value  of  Sn  in  the  graded  com- 
position  region  is  determined  by  the  lattice  con- 
stant  of  the  compound  semiconductor  region  grown 
on  the  superlattice.  That  is,  the  two  lattice  con- 
stants  should  be  approximately  equal.  Fig.  3  plots 
the  lattice  constant  vertically  in  Angstroms  versus 
the  tin  fraction  horizontally  in  units  of  x  for  selected 
semiconductors.  Semiconductors  whose  lattice 
constants  are  depicted  include  Ge,  GaAs,  inP,  and 
S/7o.27Geo.73.  The  positions  of  other  semiconductors 
on  this  graph  will  be  readily  knwon  to  those  skilled 
in  the  art  and  therefore  need  not  be  shown.  Growth 
of  Group  ll-VI,  lll-V,  as  well  as  mixed  group  semi- 
conductors  is  contemplated. 

As  SnxSh.x  alloys  exhibit  phase  segregation 
when  cooled  from  a  bulk  solution,  it  is  necessary 
that  the  Sn  containing  regions  be  grown  by  a  non- 
equilibrium  process.  A  non-equilibrium  process  is 
defined  as  any  process  which  lacks  sufficient  ki- 
netic  energy  for  phase  segregation  to  occur 
growth.  The  alloy  layer  will  then  be  metastable,  i.e., 
its  constituents  lack  the  energy  required  to  over- 
come  the  kinetic  barrier  and  reach  the  minimum 
energy,  phase-segregated  state.  A  low  temperature 
epitaxial  growth,  such  as  molecular  beam  epitaxy, 
is  preferred.  Growth  at  temperatures  less  than  ap- 
proximately  500  °C  is  desirable.  However,  it  is  pos- 
sible  that  other  growth  techniques,  such  as  chemi- 
cal  vapor  deposition  or  metallo-organic  chemical 
vapor  deposition,  may  also  proceed  at  a  tempera- 
ture  sufficiently  low  that  phase  segregation  does 
not  arise.  The  upper  limit  on  x  within  the  superlat- 
tice  region  is  determined  by  the  thermal  stability  in 
the  epitaxial  layer  at  the  growth  temperatures,  and 
also,  possibly,  by  the  requirement  of  having  a 
sufficient  glitch  amplitude  over  the  average  alloy 

composition.  It  appears  unimeiy  tnat  tne  tecnnique 
will  be  useful  for  values  of  x  greater  than  approxi- 
mately  0.6 

Although  growth  of  SnxSh.x  alloys  in  region  5 
5  on  Si  substrates  is  the  preferred  way  of  practicing 

this  invention,  other  embodiments  are  contemplat- 
ed.  For  example,  region  5  may  comprise  a  SnxGei. 
x  alloy  with  either  a  Si  or  Ge  substrate.  This  alloy, 
especially  with  x  greater  than  approximately  0.27, 

<o  is  of  particular  interest  because  it  is  believed  to  be 
a  direct  bandgap  semiconductor.  If  desired,  this 
alloy  may  be  grown  directly  on  an  InP  substrate  to 
which  it  is  approximately  lattice  matched.  Fig.  4 
plots  the  energy  of  the  bandgap  vertically  in  units  if 

is  eV  versus  the  composition  horizontally  in  units  of  x. 
The  regions  of  the  indirect  and  direct  bandgaps  are 
shown  as  well  as  the  regions  in  which  the  alloy 
becomes  a  semi-metal.  It  is  noted  that  SnxGe .̂x 
also  does  not  exist  in  the  equilibrium  bulk  form 

20  because  of  phase  segregation.  For  values  of  x 
greater  than  approximately  0.25,  the  alloy  will  have 
a  conduction  band  minimum  in  k  =  0  valley  and 
therefore  one  can  expect  a  high  electron  mobility 
as  well  as  low  effective  mass.  It  is  also  noted  that 

25  this  direct  bandgap  material  offers  the  possibility 
fabricating  long  wavelength,  that  is,  greater  than  2.5 
u,m,  optical  devices  including  photodetectors  and 
light  sources  such  as  light  emitting  diodes  and 
lasers.  The  SnGe  layer  may  be  used  as  a  substrate 

30  for  the  growth  of  further  layers  or  devices  may  be 
fabricated  directly  in  the  SnGe  layer. 

The  devices  contemplated  for  the  compound 
semiconductor  region  are  numerous  and  include 
integrated  circuits,  oscillators,  photodetectors,  la- 

35  sers,  etc. 

Claims 

40  1.  A  semiconductor  device  comprising,  in  se- 
quence,  a  substrate  (1)  comprising  at  least  one 
semiconductor,  a  compostionally  varying  region 
(3)  comprising  at  least  one  Group  IV  semiconduc- 
tor,  and  a  semiconductor  region  (5)  lattice  matched 

45  to  the  adjacent  portion  of  said  compositionally 
varying  region  CHARACTERISED  IN  THAT  said 
compositionally  varying  region  further  comprises 
Sn. 

2.  A  device  as  recited  in  claim  1  in  which  said 
so  compositionally  varying  region  (3)  comprises,  in 

sequence,  a  compositionally  graded  region  (7)  and 
a  superlattice  region  (9). 

3.  A  device  as  recited  in  claim  1  or  claim  2  in 
which  said  substrate  (1)  is  Si. 

55  4.  A  device  as  recited  in  claim  3  in  which  said 
Group  IV  semiconductor  is  Si. 

4 
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5.  A  device  as  recited  in  any  of  the  preceding 
claims  in  which  said  semiconductor  region  (5)  com- 
prises  at  least  one  semiconductor  selected  from 
the  group  consisting  of  Group  IV,  Group  ll-VI  and 
Group  lll-V  semiconductors.  5 

6.  A  device  as  recited  in  claim  5  in  which  said 
semiconductor  region  (5)  comprises  at  least  one 
Group  lll-V  semiconductor. 

7.  A  semiconductor  device  as  recited  in  claim 
1  in  which  said  Group  IV  semiconductor  is  Ge.  w 
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